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Comparative evaluation of Nb,
Nb-Cu, and Ta-Cu interlayers on
microstructural and mechanical
behavior of dissimilar welds of
grade 6 Ti and stainless steel
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Dissimilar metal welding between titanium alloys and stainless steels presents significant challenges
due to the formation of brittle intermetallic compounds (IMCs) at the interface, which compromise
mechanical integrity. This study addresses these issues by investigating the interfacial microstructural
evolution and mechanical behavior of gas tungsten arc welded (GTAW) Grade 6 Ti alloy and Stainless
Steel 304 joints using different interlayers. Three interlayer configurations, including Nb, Nb-Cu,

and Ta-Cu were evaluated to suppress IMC formation and enhance joint performance. The results
revealed that interlayer composition critically affects microstructural and mechanical properties. The
Nb interlayer causes the formation of brittle TiFe and TiFe, phases as confirmed by scanning electron
microscopy (SEM) and energy-dispersive spectroscopy (EDS), which resulted in interfacial cracking
and reduced ultimate tensile strength (UTS) of 173 MPa, and elevated microhardness to 380 HV. In
contrast, the Nb-Cu interlayer encourages the development of a Cu-rich solution, which increases UTS
to 293 MPa and reduces microhardness to 106 HV. The Ta-Cu interlayer yields the most significant
improvement in joint strength by attaining a UTS of 450 MP4a, i.e., increases of 61.55% and 34.88%
compared to the Nb and Nb-Cu interlayers, respectively. This enhancement is attributed to the
formation of ductile microstructures containing Ta dendrites and Cu-enriched regions along with FesTa;
and Ta,Cu IMCs having a microhardness of 107 HV. X-ray diffraction further confirmed the suppression
of brittle TiFe and TiFe, phases in Nb-Cu and Ta-Cu interlayered joints, corroborating the SEM/

EDS findings. Fractographic analysis indicated improved metallurgical bonding and ductile fracture
characteristics in Ta-Cu joints, highlighting their potential for enabling high-performance dissimilar
welding of titanium and stainless steel.

Keywords Grade 6 Ti; Nb-Cu interlayer, Ta-Cu interlayer, Interfacial properties, Mechanical behavior,
Intermetallic compounds

Manufacturing dissimilar welded joints is getting attention in modern age industries due to the combined
advantages of joining base metals!. Dissimilar welded joints between titanium and stainless steel are used in
industrial sectors, including nuclear, petrochemical, and aerospace due to the integration of high strength-to-
weight ratio of titanium alloys and cost effectiveness and excellent corrosion resistance of stainless steel, yielding
parts with ideal mechanical characteristics for specific applications*?. The hybrid joining of these alloys has
applications in cryogenic plumbing, oil rigs, and airplane engine blades to discs*. However, the major challenge
in joining these metals is to avoid the development of TiFe, Ti,Fe, and Fe,Ti brittle intermetallic phases due to
differences in thermal and physical properties. These phases degrade the mechanical as well as microstructure
properties of the joints®. Due to these metallurgical issues, the desired strength of Steel (Fe) and Titanium (Ti)
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welded joints without an interlayer material is hard to achieve. Therefore, a suitable filler metal or interlayer with
physical and thermal characteristics compatible with the base metals must be used to avoid the direct mixing of
base metals and the formation of brittle phases in the fusion zone®’.

Previously, researchers have conducted studies on dissimilar joining using a single interlayer/filler metal
to evaluate the joint performance. Zhang et al.® investigated the performance of pulse laser-hybrid titanium
TC4 and stainless steel SUS301 L joints by incorporating a niobium interlayer. Results revealed an intermetallic
reaction layer between stainless steel and niobium interfaces with Fe7Nb6, Fesz compounds, whereas no
intermetallic phases were found between titanium and niobium interfaces. Moreover, the fracture occurred at
the intermetallic reaction layer zone, which has a maximum tensile strength of 370 MPa. Using copper-based
filler wire and the GTAW technique, Hao et al.’ investigated the mechanical and microstructural characteristics
of titanium TC4 and stainless steel 304 lap junctions. Fe melted in the Ti/Cu reaction zone due to the high
heat input, forming intermetallic complexes TiFe and TiFe,, which decreased the mechanical characteristics.
Furthermore, a maximum UTS (107 MPa) and MH (619 HV) were achieved using a welding heat input of
2.34 kJ/cm. Hao et al.!? fabricated the TC4 and SS 304 GTAW joints using single Cu interlayer and Ni-based
filler metal. The weld zone cracking was effectively restrained by the Ni-based filler, while Cu interlayer reduced
the dissolution of Ti and brittle intermetallic compounds of Ti. Additionally, joining at current of 90 A and with
200 pm thick Cu foil resulted in UTS of 432 MPa and MH of 885 HV. Zhang et al.!! studied the mechanical
and microstructural characteristics during two-pass laser welding of titanium TC4 and SS 301 L alloys with
vanadium interlayer. The laser beam offset of 0.2 mm on the vanadium interlayer side increased vanadium
concentration in the weld zone, resulting in no intermetallic compounds and 599 MPa tensile strength. Chu et
al.!2 analyzed the effects of vanadium interlayer during GTAW welded bimetallic sheets of TA1 and steel Q325.
Severe cracks were found in the joints and fractured from the Fe-Ti rich region, exhibiting microhardness value
of 1112 HV. By using V interlayer, average UTS values of 416 MPa and 434 MPa were attained for Fe-Fe and
Ti-Ti welded joints respectively. In another study, Wang et al.'* examined how four interlayers—Ag, Ni, V, and
Cu—affected the MH and UTS during joining of SS 304 and Ti6Al2Mo2V2Zr alloy. The result indicated that
these interlayers prevented intermetallic compound formation and the UTS and MH of the weld portion were
0 MPa and 1005 HV for V filler metal, 124 MPa and 124 HV for Ni, 310 MPa and 204 HV for Ag, and 234 MPa
and 80 HV for Cu interlayer respectively. Zhou et al.!* evaluated the content of Nb during the laser welding of
Ni-Ti-Nb/Ti-6Al-4 V and result indicated that quantity of intermetallic compounds reduced significantly with
the increment of Nb percentage in the welded region, that improve the UTS up to 82% of the inferior base metal
Ti-6Al-4 V. From the comprehensive literature review, it has been observed that previous research works mainly
focused on the effect of single interlayer material such as Cu, Ag, Ni, V, and Nb on the mechanical characteristics
of Ti/SS welded joints. The results of studies proved that single interlayers are still not enough to reduce brittle
intermetallic compounds and improve strength.

In recent studies, the authors investigated the effects of composite interlayer/filler metals in dissimilar metal
welding to accompany the weld deficiencies occurred in joining with single interlayer. Mannucci et al.'> examined
the mechanical attributes of Ti (grade 5) and SS 316 L laser welded joints with Nb and Nb-Cu composite
interlayers. The Fe,Nb, and Fe,Nby brittle intermetallic compounds were formed using a single Nb interlayer
with tensile strength of 160 MPa. Whereas Nb-Cu composite interlayer restricted the foundation of Fe-Nb brittle
compounds and resulted in maximum UTS of 255 MPa and MH of 270 HV at Cu/SS interface. Thonondaeng
et al.!® evaluated the mechanical performance of SS 304 and Ti-6Al-4 V. GTAW welded joints with copper-tin
and nickel-copper-based filler metals. The welded joints formed through copper-tin filler showed an under-bead
crack due to the forming of a liquation crack. However, no crack was detected with nickel-copper filler. Chu et
al."” investigated the effects of Nb-Cu composite filler during GTAW of titanium and steel plates. The Cu,Nb and
Cu,,Nb wires exhibited cracks in the weld joints as compared to joints formed by Cu, Nb filler. The Cu,Nb filler
with low Nb content produced Cu-Ti compounds, the Cu, Nb wires formed the brittle Fe,Nb compounds due to
its higher Nb percentage. The joint welded with Cu, Nb filler showed the Cu solid solution at the weld zone with
dispersed Fe,Ti and Fe,Nb compounds. The maximum strength of 334 MPa has been achieved using Cu, Nb
filler. Zhang et al.!® examined the performance of titanium TC4 and SS 304 laser welded joints using TA2/Q235
composite interlayer. The Ti-Fe intermetallic was greatly reduced by using composite interlayer. The fracture
occurred at the composite interlayer interface region having maximum UTS=548 MPa and MH=422 HV.
Defeng et al.'” joined titanium TC4 and steel 4J29 with niobium-copper interlayer using laser welding process. A
successful suppression of the brittle Fe-Ti was achieved on the Ti side, whereas Cu solid solution formation was
promoted on steel side. A maximum UTS of 120 MPa and MH of 640 HV were attained. These studies proved
that application of composite interlayers during dissimilar welding Ti and SS reduced the brittle intermetallic
and improved the joint’s performance. Paul et al.?’ examined the Ta/steel joint behavior in the solid-state welding
using Cu interlayer. Results indicated that Cu offers unique features in balancing the heat accumulation and
heat dissipation during the welding process. Moreover, it has been indicated that Cu demonstrates zero mutual
solubility with the Ta at the solid-state condition due to significant melting temperatures differences and shows
partial solubility with the Fe owing to the creation of brittle and hard intermetallic compound such as Ta,Cu,.
Yascheritsin and Terletskyi?! performed the theoretical based studies in order to evaluate the volume fractions of
Ta and Ni such as 1 to 25% on the UTS of Cu-based composites reinforced with tantalum manufactured through
diffusion welding process. The result revealed that optimal UTS of 400 MPa has been attained at the Ta and Ni
content ranges between 3 to 7%. These studies highlighted that Nb-Cu and Ta-Cu composite multilayer can
improve the mechanical characteristics of Ti/SS welding because single interlayer is still not enough to reduce
brittle intermetallic compounds and improve strength.

Literature shows that researchers have investigated the impact of single interlayers including Cu, Nb, Ag, Mg,
Ni, and V separately and composite interlayers of Nb-Cu and Ta-Cu on different titanium and stainless-steel
alloys grades. However, a comparative evaluation of Ti (grade 6)/SS 304 GTAW welded joints under single Nb,
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Fig. 1. Experimental methodology for GTAW dissimilar welds of Grade 6 Ti alloy and SS304 with Nb, Ta-Cu,
and Nb-Cu composite Interlayers.

composite multi-interlayers Nb-Cu and Ta-Cu has yet to be explored to enhance the performance of these joints.
Therefore, goal of current research is to assess the comparative performance of Ti/SS GTAW joints using single
Nb and composite multi-interlayers Nb-Cu and Ta-Cu. Randomized experimental technique was used to design
the experiment, and single factor plot analysis is employed to evaluate the effect of selected ranges of process
variables (welding current and interlayer type) on the UTS and MH of Ti/SS GTAW joints. The microstructure
analysis has been conducted using optical and scanning electron microscopy (SEM) supported by electron
dispersive spectroscopy (EDS) methods while phase analysis is conducted through X-ray diffraction (XRD)
method. The mechanical behavior of the joints has been assessed through UTS and MH. This research work
substantially assists academic and industrial researchers in the automobile, oil and gas sector, and aerospace to
manufacture high-strength and cost-effective Ti/SS joints.

Experimental details

Materials and methods

The stainless steel (304) and titanium grade 6 (Ti-5A1-2.5Sn) plates of 100 mm x 100 mm X 1.5 mm are joined
through the GTAW process. It is pretend to mention that interlayer thickness of 100 pm in the GTAW process
is widely used and reported value, especially in the research studies of mechanical and microstructural analysis
of steel and titanium welded joints?>-*. Hence, Nb and Ta metal foils with a thickness of 100 um of each have
been utilized and Cu filler in the form of wire having a diameter of 1.2 mm has been applied for Nb-Cu and
Ta-Cu composite interlayer-based joints. While for single interlayer base joint, Nb in form of foil of thickness
100 pm is used. The Nb and Ta have been placed on the Ti side, whereas Cu is on the SS 304 side as they don't
make intermetallic compounds with each other, as depicted by their binary phase diagrams?®. The interlayer
thickness of 100 um is constant parameters for all types of interlayer materials while analysis the evolution of
welding current and interlayer types for mechanical and microstructural characteristics of Ti/SS GTAW joints.
The chemical composition of SS and Ti has been determined on the base of the optical emission spectrometry
test, as illustrated in Table 1. Moreover, pure Nb (99.99%), Cu (99.99%), and Ta (99.99%) have been selected in
this experimental study.

The welding has been performed on a specially designed linear bed, which is motion-controlled by a controller
to achieve uniform weld beads, as depicted in Fig. 1. A fine-pointed tungsten electrode of 1.2 mm diameter has
been employed to generate a stable electric arc. Argon gas (pure) is used for trailing and bottom shielding of the
weld region from the outer environment. The special fixture was designed to clamp the weld plates and shield
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Process variable Level 1 | Level 2 Level 3
Type of interlayer 1 (Nb) |2 (Ta-Cu) | 3 (Nb-Cu)
Welding current (A) | 30 40 50

Table 2. Selection of process parameters and ranges.

Exp. run | Welding current (A) | Type of interlayer | UTS (MPa) | Microhardness (HV)
1 50 1 173 95

2 50 2 310 105

3 50 3 260 110

4 40 3 290 117

5 30 1 210 101

6 30 3 240 120

7 30 2 450 135

8 40 2 340 115

9 40 1 149 109

Table 3. Experiment design as per randomized experimental technique.

the welding zone (trailing and bottom). Experiments have been conducted by inserting a single Nb intermediate
layer, Ta-Cu, and Nb-Cu composite interlayers. The welding variables such as peak current of 40, background
current of 20 A, weld speed of 150 mm/min, pulse frequency of 150 Hz, and gas flow rate of 15 lit/min have been
kept the same for these experiments.

The randomized experimental technique was used to design the experiment to examine the impact of welding
current and type of interlayers such as Nb, Ta-Cu, and Nb-Cu on the UTS and MH of the SS/Ti GTAW process.
The ranges of welding current have been selected on the base of a trial run and literature review?’ !, as shown
in Table 2. A total of 9 experiments has been designed as a randomized experimental technique to analyze the
impact of welding current and type of interlayer on the UTS and MH as demonstrated in Table 3.

Microstructural and mechanical characteristics testing

Specimens have been placed in conductive resin after being cross-sectionally sliced from welded plates for
microstructure characterization. The specimen was polished using diamond-pasted micro cloth after being
processed through sandpapers with grit levels ranging from 300 to 3000. Prior to welding, the base plates’ and
intermediate layers’ connecting edges were reduced and cleaned with acetone. Kroll solution for Ti-5A1-2.5Sn,
FeCl, solution (5 g in water) for copper, Glycerin solution for SS 304, and 20ml H,0 +20ml HNO, + 10ml HF
solution for niobium were used to complete the etching process. 5ml of lactic acid, 5 ml of HF (48%), and
15 ml of HNO, were used for 120 s in the Ta, Nb, and Nb-Cu etching procedure. Also, 10 ml of HNO,, 10 ml of
HE and 30 ml of H,SO, were used for five to fifteen seconds. An optical microscope (Olympus) and scanning
electron microscopy (SEM: LYRA3, TESCAN) were used to observe the microstructure. Electron dispersive
spectroscopy (EDS) has been used to analyze intermetallic compounds in weld zones and interfaces. According
to ASTM standard E8M-04°2, the UTS was assessed using a tensile test conducted on tensile specimens with a
strain rate of 0.5 mm/min. On the other hand, Vickers indenter has been used to measure the microhardness
at the interface region of Ti/SS GTAW joints with load of 50 g and holding time of 15 s according to the ASTM
384-11 standard®. Moreover, three samples at each experimental condition have been selected to measure the
microhardness and tensile strength of Ti/SS GTAW joints and mean value for each measurement is considered
as final value to ensure the accuracy of results.

Results and disscusion

Microstructural evolution of welded joints

Morphological analysis

The morphological analysis for joints interface with single Nb interlayer, Ta-Cu and Nb-Cu composite interlayers
are shown in Fig. 2a—c respectively. Weld configuration with single Nb interlayer (Fig. 2a) consisted of five
characteristic zones such as, heat affected zone (HAZ) of Ti, base metal (BM) of Ti, fusion zone (FZ), unmelted
Nb, base metal (BM) of SS, HAZ of SS. The coarse grain structure in HAZs and fine equiaxed grain structure
in base metals have been observed because HAZ retains high heat near the weld as compared to base metals.
Pronounced cracks were detected at the Nb/SS interface due to limited mutual solubility and brittle Ti-Fe
reaction products diffusing through Nb. This weak interfacial bonding explains the poor mechanical behavious
of the joint (UTS 173 MPa, hardness 380 HV). Figure 2a depicts that the fusion region lies on both Ti and SS
side (separated by dashed lines) under the welded joint at the Nb interlayer type. Although the cracks have been
clearly observed at Nb/SS interface but there was comparatively good bonding is achieved at Ti/Nb interface.
This was due to good solubility of Ti and Nb and partial soluble of Nb and SS, evidenced by equilibrium
diagrams?. Similarly, Fig. 2b depicts the weld configuration with Ta-Cu composite interlayer, it consisted of five
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Fig. 2. Microstructural analysis of welded joint region with: (a) single Nb interlayer, (b) composite Ta-Cu
interlayer and (c) composite Nb-Cu interlayer.

zones such as HAZ of Ti, BM of Ti, FZ, unmelted Ta, BM of SS and HAZ of SS. It has been observed the small
columnar grain’s structure formed at FZ and expectational fine equiaxed grain structure developed at the HAZ
region of base metals with the Ta-Cu composite interlayer-based Ti/SS GTAW joints due to the appropriate
mixing of Ta with the base metal at the HAZ that can keep high magnitude of temperature as compared to
the base the material. Moreover, grain refinement and defect removal were aided by the Ta dendrites scattered
throughout the Cu-rich melt, especially at the Ti/TA interface. Since Cu dissolved easily into SS, the Cu-SS side
displayed a broad fusion zone with strong metallurgical bonding. Improved bonding and ductility resulted in
the maximum UTS (450 MPa) with relatively low hardness (~ 107 HV) when there were no cracks or voids at
either contact. The FZ lies on both Ti and SS side. It has been observed that comparatively thick metallurgical
bonding achieved at Cu/SS interface due to good solubility of Cu and SS because there is significantly less
melting temperature different (1510 °C— 1083 °C=417 °C) that causes better penetration and formation of thick
and strong metallurgical bonding. Whereas the joint with Nb-Cu composite interlayer (Fig. 2¢) clearly indicated
that major fusion occurred on SS side. Low melting point copper inserted as a filler wire (high amount of Cu)
caused better penetration and strong bonding with steel as well as with Nb whereas a reaction layer (narrow
fusion zone) type bond formed at Ti and Nb interface®®. Moreover, no obvious cracks are observed on either
side of the fusion zone. The microstructure was generally free of cracks and porosity, confirming improved
metallurgical compatibility. This balanced morphology correlates with intermediate strength (293 MPa) and low
hardness (~ 106 HV), showing improved ductility compared with Nb joints.

SEM and EDS analysis

The formation of various phases at joint interfaces and fusion zones have been analyzed through SEM and EDS
analysis. The SEM image for joint with single Nb interlayer has been shown in Fig. 3. At Ti/FZ interface (EDS
spot 1 in Fig. 3a, Table 4, the TiNb solution has been formed because Ti and Nb are soluble in each other, which
improved the formation of joint at the interface region. However, in FZ of Ti side, the reaction occurred between
Fe and Ti to form TiFe brittle intermetallic (spot 2 in Table 4 and EDS graph in Fig. 4 because low melting point
of SS as compared to Ti enhances its flow towards Ti side'?. Figure 3b shows that some porosities and brittle
TiFe, phases have been found at the fusion zone which reduced the joint strength. In Fig. 3c unmelted Nb (spot
4) have been found owing to the high melting point of Nb, and prominent cracks have been identified which
weakened the joint strength at FZ on SS side (Fig. 3c). Hence, a single Nb interlayer also functioned as barrier
between SS and Ti but brittle phases of TiFe and TiFe, are still formed in the fusion area of the joint which caused
crack and reduced the mechanical properties.

Figure 5 depicts the 1SEM images of Ti/SS GTAW welded joint fabricated with Ta-Cu composite interlayer.
Figure 5a demonstrated that liquid Cu particles melt earlier than Ta due to relatively lower Cu melting point
and structure of melted copper solution plunged into Ta matrix. Additionally, weld joint prominently shifts
towards the Ti side due to the melting temperature of SS (approximately 1530 °C) is relatively lower than melting
temperature of Ti (approximately 1670 °C)!%3¢, thereby SS melt earlier and diffused into the Ti side of weld joint.
So, the diffusion rate of the molten Cu solution that penetrating the Ta matrix into the Ti side of the welded
region are relatively larger than SS side of welded region, which turns the development of ductile intermetallic
compounds such as Ti,Cu, and Cu,Ti at the Ti/FZ contact region. Similarly, Fe,Ta intermetallic compound has

Scientific Reports|  (2025) 15:41949 | https://doi.org/10.1038/s41598-025-25882-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fusion LZone at J —
- porosities

Tiside

Fusion Zone at Un melted

Fig. 3. SEM analysis of joint with Nb interlayer: (a) FZ at Ti side, (b) FZ at SS side, and (c) Ti/Nb/SS zone.

1 4.56 | 4.44 | 46.90 | 3.66 | 10.55 - |21.44 | 433 | TiNb

2 4.79 | 1.64 | 22.16 | 2.94 | 28.11 | 7.41 | 26.30 | 6.66 | TiFe, Nb
3 3.79 | 1.87 | 20.90 | 5.21 | 49.03 | 12.28 - | 6.92 | TiFe,

4 6.29 | 0.65 | 12.99 | - 0.77 - 16928 | - |Nb

5 383 | - - - | 73.95 | 16.07 - - | Fe

Table 4. EDS analysis of joint with Nb interlayer.
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Fig. 4. EDS graph of spot 2 in SEM image 3(a).

been created at the SS/FZ interface region due to dynamics of supercooling, which has significant role in the
creation of final morphology of solidified melt as depicted in Fig. 5b. It is due to the lack of mutual solubility
of Cu and Ta at the whole range of temperatures during welding process, which eliminate voids and strain
generation®”. Therefore, compact, and high strength metallurgical bonding has been created at the interface
region that consists of pure Ta solid dendrites in the Cu melted solutions. Moreover, it has been observed that
Ta/Cu composite interlayer can successfully restrict the direct diffusion of SS into steel and formed brittle
intermetallic compound at the SS/Ti interface region that reduced the tensile strength and generate crack for
the fracture. It is worth noting that holes and cracks has been appeared at the welded region during the direct
contact of SS/Ti welding process because the contraction rate of SS was different from the Ti at the FZ state
of welding process that linked to different linear expansion coeflicient of steel and titanium*-4°. Thus, Ta/Cu
composite interlayer allows to fit the molten pool into the entire molten core after it solidifies that reduces the
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Fig. 5. SEM analysis of Ti/SS GTAW welded joint with Ta-Cu composite interlayer: (a) fusion zone at Ti side,
(b) fusion zone at SS side, and (c) fusion zone at Cu side.

1 10.64 | 40.51 20.11 6.39 | 22.35 | Ti,Cu,
2 3.02 | 285 37.22 0.06 | 56.85 | Cu,Ti
3 12.8 |0.14 7.02 | 80.01 | 0.03 | Fe,Ta
4 12.58 | 27.60 | 0.05 0.20 | 69.05 | 3.10 | Fe Ta,
5 4.88 | 25.38 34.44 353 | Ta,Cu

Table 5. Elements composition analysis of Ti/SS GTAW welded joint with Ta-Cu composite interlayer.
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Fig. 6. EDS graph of spot 3 in SEM image 5(c).

probability of confined stress and strain generated owing to volumetric shrinkage during the direct contact of
SS/Ti and eliminate the large number of cracks and hole generated at the inside the welded joint, as illustrated
in Fig. 5¢. Hence, ductile, and high strength intermetallic compound has been formed at the chosen areas of the
welded interface region of SS/Ti region such as Fe.Ta, and Ta,Cu as depicted in Table 5 and EDS graph (Fig. 6)).
Therefore, it has been determined that Ta-Cu composite interlayer plays a key role to effectively block the direct
diffusion of Si into the Ta that eliminates the generation of local stresses and strain generation due to volume
shrinkage and enhance the UTS of SS/Ti GTAW welded joint.
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Fig. 8. SEM analysis of welded joint with Nb-Cu interlayer: (a) Ti/Nb side, (b) FZ of weld, and (c) FZ at SS
zone.

The EDS line scan of fusion zone of the Ta-Cu interlayered joint is shown in Fig. 7. Three areas are visible in
the profile: the Cu-side fusion zone, the unmelted Ta interlayer, and a SS-side fusion zone. Effective suppression
of Fe diffusion into the Ti side is indicated by the steep decline in the Fe signal at the Ta boundary. Concurrently,
Cu is evenly dispersed over the interlayer, creating ductile solid solutions that strengthen interfacial bonds. This
diffusion profile demonstrates how Ta—Cu stabilizes ductile microstructures while preventing the emergence of
Ti-Fe brittle phases.

Figure 8 depicts the SEM images of joint fabricated through Nb-Cu composite interlayer. Figure 8a indicated
the major phase at Ti/Nb reaction layer interface (spot 1 in Table 5) is TiNb solution which promote bonding.
The FZ of this joint contained Cu solid solution (Cu,) as depicted in Fig. 8b and FeCu solution (spot 3 and 4)
which is also proven by EDS graph in Fig. 9 because low melting point Cu dissolves readily in the Nb as well
as steel and does not form any brittle phase which ultimately improved the joint strength?. At SS/FZ interface
shown in Fig. 8c, FeCu solid solution also depicted in Table 6 has been attained which enhanced the bonding
at this side. Thus, Nb-Cu composite interlayer not only prevented the mixing the SS and Ti but also avoid the
formation of TiFe and Ti,Fe etc. that are brittle and hard intermetallic compounds and improved the joint
strength. Thus, SEM/EDS confirmed that the interlayer composition directly determined the type of IMCs:
brittle TiFe/TiFe, in Nb joints, ductile Cu-rich solutions in Nb-Cu joints, and a mix of ductile Cu-rich and Ta-
containing phases in Ta-Cu joints.

Scientific Reports |

(2025) 15:41949

| https://doi.org/10.1038/s41598-025-25882-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

|
";i

——— :I'i .
2 4 b 8 10 12 14 16 18 20
Energy [keV]

Fig. 9. EDS graph of spot 4 in SEM image 7(c).

Elements composition (wt. %)
Spot | O Al |Ni |Ti Cr |Fe Cu Nb C Possible phases
1 1.45 | 3.29 67.65 | - - 0.35 | 23.45 | 3.35 | TiNb
2 |827 - -] - - - | 7342 | 1831 | Cug
3 1.40 - - 210 | 5.1 |92.34 - - Cu
4 1.90 398 | 1.70 | 7.46 | 33.16 | 38.95 - 13.18 | FeCu
5 1.56 4.66 - 8.04 | 33.12 | 40.25 - 11.91 | FeCu

Table 6. EDS analysis of welded joints with Nb-Cu interlayer.

X-ray diffraction analysis

X-ray diffraction analysis has been conducted to identify major intermetallic phases in the fusion zones of the
joints and shown in Fig. 10. For single Nb interlayer joint, XRD pattern of fusion zone shows the major peaks of
brittle TiFe, and TiFe compounds which are also confirmed by the results of EDS analysis in Sect. “Mechanical
behavior analysis of welded joints” and consistent with findings of previous research?!. This is consistent with
high hardness (380 HV) and poor tensile performance (173 MPa). The brittle nature of these IMCs restricted
plastic deformation, leading to premature interfacial fracture. Figure 10 shows the XRD pattern of fusion zone
of welded joint fabricated by using Nb-Cu interlayer. The peaks of graph clearly show the formation of Nb and
Cu solid solutions and less brittle TiCu phases and confirmed by previous research!”. The suppression of TiFe
and TiFe, and the presence of ductile Cu-based phases explain the reduced hardness (~ 106 HV) and improved
strength (293 MPa). The ductile nature of the weld interface allowed more uniform stress transfer, delaying
crack initiation compared to Nb joints. Hence, Nb-Cu interlayer controlled the formation of TiFe brittle phases.
Similarly, for joint made by Ta-Cu interlayer (Fig. 10), the XRD pattern confirmed the formation Fe,Ta, and
TiCu phases which are ductile in nature and the formation of brittle phases in the fusion zone is significantly
controlled through multi-interlayer and reasonably good joint strength has been attained*2. The coexistence of
ductile Ta dendrites and Cu-rich solutions with less brittle Ta-based IMCs led to the best mechanical performance
i.e.,, UTS of 450 MPa and moderate hardness (107 HV).

It is observed that the cooling rate in GTAW can have a substantial impact on intermetallic formation and
morphology and may permit the temporary creation of non-equilibrium phases. The XRD spectra of the current
investigation only showed equilibrium phases, specifically FesTas/Ta,Cu in Ta-Cu joints, Cu-rich solid solution
and TiCu in Nb-Cu joints, and TiFe/TiFe, in Nb joints. The absence of additional peaks suggests that although
non-equilibrium phases may form during solidification, they are not retained in the final microstructure under
these interlayer methods used. This observation confirms that the equilibrium intermetallics, as verified by XRD
and SEM/EDS, are the main phases governing mechanical behavior in dissimilar joints.

Mechanism of intermetallic formation

The joint formation mechanism for 3 welded joints has been shown in Fig. 11a-f. Figure 11a shows the molten
pool of joint made with single Nb interlayer. As GTAW arc heats the joint, localized melting occurs in the Nb
interlayer and may partially melt adjacent regions of Ti-5A1-2.5Sn and SS 304, depending on the heat input. A
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Fig. 10. XRD analysis of welded joints with single Nb interlayer, Nb-Cu multi-interlayer and Ta-Cu multi-
interlayer.

molten pool forms primarily from Nb, possibly mixed with elements titanium (Ti) and iron (Fe) begin to diffuse
toward the molten zone. Nb acts as a physical and chemical barrier and partially melted due to high melting
point as discussed in Sect. “Mechanical behavior analysis of welded joints” and slowing direct diffusion between
Tiand Fe, thus reducing the risk of forming brittle Ti-Fe intermetallic in the melt. However, at high temperature,
Fe from SS may diffuse through the molten Nb and react with Ti, initiating FeTi intermetallic formation within
the melt or at the Ti/Nb boundary. As the weld cools, the molten metal pool solidifies as shown in Fig. 11b,
beginning at the base metal interfaces and progressing inward. Solidification at the Ti-Nb interface results in the
formation of Ti-Nb solid solution or possibly minor TiNb phases—both of which are ductile and structurally
stable. At the Nb-SS interface, Fe from SS 304 may have diffused into the molten or partially molten Nb during
welding. Upon cooling, these can form intermetallic compounds such as NbFe which are brittle laves phases if
present in significant amounts.

Figure 11c depicts the molten pool of joint fabricated through Nb-Cu multi-interlayer. During the molten
metal pool stage, Cu melts readily due to its low melting point, forming a liquid layer that wets both Nb and
SS 304, while Nb may partially melt or remain in a semi-solid state depending on the heat input. Cu serves as
a buffer, absorbing elements like Fe and Ni from SS 304 and preventing their direct diffusion into Ti. Nb acts
as a solid-state barrier, reducing the risk of FeTi formation by blocking Fe diffusion from SS 304 to Ti. During
solidification of joint as shown in Fig. 11d, the Cu-rich molten zone begins to cool and solidify first at the SS
304 interface, potentially forming ductile Cu-Fe solid solutions or limited intermetallic compounds. The Ti-Nb
interface solidifies into a stable Ti-Nb solid solution, while any interaction between Nb and Cu may lead to
minimal Nb-Cu phases.

Weld molten for joint made through Ta-Cu multi-interlayer has been shown in Fig. 11e, Cu, having a low
melting point, melts first and forms a liquid pool that promotes wetting and bonding between Ta and SS 304.
Ta, with its high melting point, typically remains solid or partially melted, acting as a physical and chemical
barrier between the Tiand SS 304 sides. This mechanism prevents direct diffusion of Fe into Ti, thus avoiding the
formation of brittle FeTi intermetallic compounds. Some limited diffusion of Fe from SS into the Cu melt may
occur, possibly forming Cu-Fe phases. During solidification process (Fig. 11f), the Cu-rich molten zone cools
and solidifies first, forming ductile Cu-based solid solutions or minor intermetallics near the SS 304 interface.
On the Ti side, diffusion bonding occurs at the Ti-Ta interface, typically forming a stable and ductile Ta-Ti solid
solution. The resulting joint features a multi-layered structure: a Cu-rich zone at the SS interface, a stable Ti-Ta
interface, and a central Cu-Ta diffusion region, all designed to reduce thermal mismatch and suppress brittle
intermetallic formation.
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Fig. 11. Schematic illustration of intermetallic formation: (a, b) molten pool and solidification of Nb interlayer
based joint, (¢, d) molten pool and solidification of Nb-Cu interlayer based joint, (e, f) molten pool and
solidification of Ta-Cu interlayer based joint.

Mechanical behavior analysis of welded joints

Ultimate tensile strength

Single factor plot graph has been drawn to evaluate the impact of interlayer type and welding current on the UTS
of Ti/SS GTAW welded joints as shown in Fig. 12. It is also found that means values of UTS of GTAW welded
joints at Nb is 177.33 MPa, at Ta-Cu is 366.67 MPa and at Nb-Cu is 263.33 MPa as illustrated in Fig. 12. UTS of
Ta-Cu interlayer joint has significantly improved than Nb interlayer and Nb-Cu interlayer joints, respectively.
It is linked to the mutual solubility of these interlayers at the elevated and high temperature®*~*°. The Ta and Cu
are unmixable at lower temperature of welded region due to high melting point and single Nb and multilayer
Nb-Cu has high solubility that diffused into the interface region at low temperature of welded region. Therefore,
with the change of interlayer type from Nb to Ta-Cu, the mutual solubility of interlayer reduces due to high
temperature difference of Nb as compared to Ta and Cu. While Nb completely diffuse into the interface region
and formed brittle and hard intermetallic compounds, that is, TiFe, and TiFe and which have low magnitude
of UTS as evident in Fig. 3b and Table 4. On the other hand, Ta-Cu interlayer are partially dissolved into the
interface region of welded zone because Ta has relatively higher melt temperature (3020 °C) and Cu has relatively
low melt temperature (1085 °C)*6. Therefore, only Cu atom completely diffused into the interface region and Ta
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Fig. 12. Single factor plot analysis of UTS.

particles appeared as dispersed phase in the initial phase of Cu melting and then colloidal solution forms that
has Ta as solid state form*’. Due to this phenomenon, inhomogeneities interface region has been formed at the
local melting zone that promotes the adhesion of welded material. As a result, ductile intermetallic compounds
have been created at the welded region as depicted in Fig. 5b and Table 5, leading to an increase in the UTS of
GTAW welded joints. However, the chances of normal solubility for mixing the atoms of interlayer at the elevated
temperature increase with the change of type of multi-interlayer from Ta-Cu to Nb-Cu, that assist the formation
of relatively soft solidified melt regions promote the brittle intermetallic phases due to the relatively low melt
temperature difference compared to Ta as shown in Fig. 6b and Table 6. It is pretend to mentioned that Nb-Cu
interlayer at the welded junction causes brittle intermetallic phases to emerge in the interface region, which
encourages the creation of brittle solidified melt regions*. Due to this fact, tensile strength of the welded region
reduces. It has been observed that UTS, of welded region, sharply decreases from 300 MPa to 259.67 MPa, with
the changing welding current from 30 to 40 A. It is owing to the well-established fact that with the increment
of welding current, heat input to the weld region increases that contributed to the generation of inappropriate
grain growth, thereby the tensile strength of welded joint reduced?®. However, the rate of UTS decreases from
259 MPa to 247.67 with a further decline of welding current in range 40 A to 50 A because the further increment
of welding current contributed to the induce the residual stress at the welded region that negatively affects the
tensile strength of welded region®®. Additionally, excessive welding current is the prime reason for compromise
the tensile strength of welded region due the generation of inherent welding defects at the extreme welding
current such as incomplete penetration, porosity, inclusions and cracks®!. These defect generations have been
clear from the SEM analysis of the welded region as illustrated in Fig. 3.

The fracture behavior of Ti/SS GTAW welded joint with the variation of interlayer types has been examined
by performing fractography analysis. The SEM images of fracture joint surface of single Nb, composite Ta-Cu
and Nb-Cu interlayers are depicted in Fig. 13a-c, respectively. The brittle fracture surface of welded joints with
cracks and cavities at single Nb interlayer has been observed due to the inappropriate diffusion of Nb to the
interlayer region that allows limited solubility of Nb into the SS and Ti. Hence, cracks and cavities have been
detected at the fracture surface of the welded joint as evidence in Fig. 13a. Similar results were also discovered
by Shi et al.>? through the joining of dissimilar Ti and SS welded joints. However, the formation of Ti/SS GTAW
welded joint with Nb-Cu interlayer formed ductile fractured surface owing to the suitable Nb melting and
diffusion of Nb-Cu interlayer at the base metals that allows to develop ductile fracture surface without defect
as illustrated in Fig. 13b. It is also attributed to the prominent melting temperature difference between Ta and
Cu that promotes the adhesion of welded material because Ta takes higher time to melt as compared to Cu
during the fusion process. Substantially, colloidal solutions that solid Ta solutions have been formed that assist
to adequately diffuse Nb-Cu interlayer at the interface region and develop GTAW joints with high mechanical
strength. It is also pretend to mentioned that ductile facture surface without defects shows the sign of high
tensile strength of GTAW welded joints®*>*. The Ti/SS GTAW welded joint with the composite Nb-Cu interlayer
indicated the formation of ductile fracture surface with small voids as shown in Fig. 13c. The growth of soft
intermetallic compounds such as Cu at the welded region due to relatively low melt temperature difference of
Cu as compared to Ta that causes small cracks at the fracture surface!’. However, the sizes of avoids have been
reduced due to the relatively higher diffusion of interlayers at the base metals of welded joints. So, higher UTS
of welded joints at the Nb-Cu interlayer has been attained as compared to the welded joints with Nb interlayer.
Hence, the present findings are well justified by the previous relevant research studies that claimed the formation
of ductile fracture surface due to the formation of Cu_ soft intermetallic compound?”.
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The stress strain curve for three joints has been presented in Fig. 14. The average ultimate tensile strength
(UTS) values obtained from three replications for each joint type. The mean UTS and standard error (SE) has been
presented in Table 7. Stress strain curve shows that no ductility whatsoever for joint fabricated through single Nb
interlayer and fractured occurred before yield point which reduced the tensile strength of joint (173 MPa). For
joint fabricated through Nb-Cu interlayer, a little elongation/strain was observed and joint fractured after the
yield point which showed the ductility and imparted the strength of 293 MPa. Moreover, the joint made by Ta-
Cu interlayer exhibited high strength of 450 MPa having significant strain or elongation as depicted in Fig. 14. It
has been fractured after a necking phenomenon due to high ductility. Hence, the Ta-Cu interlayer joint strength
has significantly improved to 61.55% and 34.44% then single Nb and Nb-Cu multi-interlayers respectively.

Microhardness

Single factor plot graph has been drawn to examine the impact of interlayer type and welding current on the
microhardness (MH) at the interface region of Ti/SS GTAW welded joints as shown in Fig. 15. It has been
observed that MH of welded region sharply increases (101.67 to 118.33 HV) by changing the type of interlayer
from type 1(Nb) to type 2 (Ta-Cu). Alternatively, MH of welded joint gradually reduces (to 115.67 HV) with
varying interlayer types from type 2 (Ta-Cu) to type 3 (Nb-Cu). Similarly, the single factor plot graph depicted
that MH decreases from 118.67 to 113.67 HV by changing weld current from 30 to 40 A and reduces further to
103.33 HV with the increment of welding current up to 50 A as shown in Fig. 15. It is owing to the fact that Nb
has high mutual solubility due to low melt temperature that promotes the high interpenetration of welded metals
at the interface region and form soft and ductile intermetallic compounds®*-8. It is also linked with the solubility
rate of Cu into the SS side that is relatively higher than the Ti with Ta during the formation of welded joint due
to the prominent melting temperature difference between Ta and Cu. Therefore, Cu  compound formed at the
interface region of welded region at Nb-Cu interlayer that imparted softness and reduced the microhardness at
the welded joint, as illustrated in Fig. 5 and Table 5. Thus, relatively low magnitude of MH has been attained
at the welded region. While, Ta-Cu has zero solubility at the ambient temperature and partial solubility at the
higher temperature that avoid the interpenetration of welded metals that promote the dispersion-hardened
phenomena at the interface region of welded zone>*C. Therefore, brittle and hard intermetallic compounds such
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welded joints.
Joint type Replications (MPa) | Mean UTS (MPa) | SE (MPa)
Nb (single interlayer) | 170,174, 175 173 1.53
Nb-Cu 290, 294, 295 293 1.53
(composite interlayer)
Ta-Cu 448,451,451 450 1.00
(composite interlayer)

Table 7. Mean UTS and SE for three joint types.
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Fig. 15. Single factor plot analysis of MH.
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as Ti,Cu, and Fe,Ta have been formed that have relatively higher magnitude of MH of welded region as proven
from the SEM analysis at Fig. 6 and EDS Table 6.

The distribution of microhardness along the cross section of the Ti/SS GTAW welded joints has been studied to
further demonstrate the effect of type of interlayers such as Nb, Nb-Cu, and Ta-Cu interlayer as shown in Fig. 16.
The microhardness has been measured on cross section of the weld samples from Ti to steel side having distance
of 0.1 mm between each indent. Average values of MH of BM Ti and SS are 320 and 142 HV correspondingly.
Average values of MH of HAZs of both BM have been increased (Ti=350 HV and SS=173 HV) due high heat
content in this region in case of all joints. The low MH of 66 HV (average) for unmelted Nb has been observed
in the case of all joints because of its ductile nature. However, high microhardness of 380 HV has been observed
in the fusion zone for joint with single interlayer due to formation brittle TiFe compounds. Therefore, the tensile
strength of these joints became low (173 MPa). Pasang et al.%! also found high microhardness at the fusion zone
of Ti/SS GTAW joints owing to the creation of these intermetallic phases which dropped the joint strength. The
MH of fusion zone of joint with Nb-Cu composite interlayer become low (106 HV) due to the formation of Cu
solid solution (Cu) also depicted in SEM Fig. 6b and EDS Table 6. The formation of Cu imparted softness and
ductility and enhanced the joint’s strength. The exceptional UTS for this joint has been attained of 293 MPa.
Hao et al.% attained better strength at low microhardness ~ 100 HV owing to Cu__ formation during GTAW of
titanium TC4 and SS. Therefore, a significant improvement in mechanical properties of dissimilar Ti-SS GTAW
welded joints have been attained using composite Nb-Cu interlayer joining technique.

However, brittle and hard intermetallic compounds such as Ti3Cu2 and FezTa has been created at the Ti and
SS side of FZ of welded region that has MH of 360.60 HV and 184.83 HV. It is worthily mentioned that creation
of brittle and hard intermetallic compounds (IMC) at the fusion zone of Ni interlayer-based Ti/SS welded joint
increase microhardness due to the local stress concentrations that reduces the UTS of joint of welded joint®.
Conversely, solubility of Cu into the SS side is comparatively higher than the Ti with Ta during the formation
of welded joint at the HAZ due to the significant high melting temperature difference between Ta and Cu
that develop Cu enrich solidified solution with solid Ta dendrites that develop soft and ductile intermetallic
compounds such as Fe_Ta, and Ta,Cu as illustrated in EDS Table 6. This softness of intermetallic compounds
imparted the formation of extremely high UTS of SS/Ti welded joints with the Ta-Cu interlayer. Ultimately, MH
of 162.2 HV has been attained at the SS side of welded joint and 186.12 HV at the Ta side of welded joint at the
HAZ region. Thus, the expected high tensile strength of 450 MPa has been attained due to the ductile nature of
welded joints. Similarly, study of Yu et al.?> concluded that microhardness of Ti/SS welded joint with the addition
of Cu interlayer decreases due to the formation of soft intermetallic compound with Ti-Cu and relatively high
microhardness at the Ti-Fe side of welded region due the formation of brittle intermetallic compounds such as
FeTi that eliminate the internal stresses of welded joint with Cu interlayer which increases the tensile strength
of welded joint.

Improvement in ultimate tensile strength

The comparative analysis of tensile strength for Ta-Cu interlayers with other interlayers used in the various
welding process at optimal experimental conditions has been conducted to signify the importance of proposed
novel interlayers for the mechanical characteristics of welding processes as shown in Table 8. According to
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Joints Welding method | UTS | % improvement of current study from previous research | References
Ti-2.5Sn-5A1/Nb/Cu/SS 304 | GTAW 327 |27.33 2
Ti-2.55n-5A1/Nb/Cu/SS 304 | GTAW 248 | 44.89 o4

Ti-6Al-4 V/Mg/SS304 GTAW 221 | 50.89 65

CpTi/Ta/SS 304 LBW 40 91.11 66

TC4/Ag/SS 304 LBW 284 | 36.89 7

TC4/Cu/SS 304 MIG-TIG 319 [29.11 68
Ti-2.5Sn-5A1/Ta/Cu/SS 304 | GTAW 450 - Current study

Table 8. Comparison of UTS of current study with previous research.

the comparison analysis, with using Ta-Cu interlayer, UTS has been improved by 27.33% in comparison with
Nb/Cu interlayer-based Ti/SS GTAW joints?2. Moreover, the comparative analysis of Ti/SS GTAW welding
process with the proposed Ta-Cu interlayer-based Ti/SS GTAW joint depicted that 44.89% UTS of Ti/SS GTAW
welded joint improved by using Ta-Cu interlayer in the Ti/SS GTAW welding process®%. The comparison of laser
welding of Mg interlayer-based Ti-6Al-4 V/ AISI 304L with the Ta-Cu interlayer-based Ti/SS GTAW welded
joint demonstrated the improvement up to 50.89% with replacing Mg interlayer with Ta-Cu interlayer®. In
comparison with another study of joining CpTi/Ta/SS 304 joints using Laser beam welding (LBW), the UTS
of current study has been improved to 91.11%%. The UTS obtained in this study has been enhanced to 36.89%
compared with pure Ti and SS 304 joints by placing Ag interlayer through LBW®’. The Ti-2.5Sn-5A1/Ta/Cu/SS
304 joint strength in current study has been improved to 29.11% when comparison with the TC4/Cu/SS 304
joints fabricated by MIG-TIG hybrid welding®®. Therefore, it has been determined that proposed novel Ta-Cu
interlayer has substantial enhancements of tensile strength of GTAW process especially for the Ti/SS joints.
Moreover, Ti alloys are widely used for aviation and aerospace applications due to high specific strength, high
corrosion resistance and other mechanical properties at elevated temperatures. Stainless steel has high density
than Ti alloys and applicable in the automotive industry to manufacture lightweight parts at relatively low cost®.
The proposed research work significantly improved the mechanical characteristics of Ti/SS GTAW application
by reducing weight and cost at same time without compromising mechanical characteristics that allows to use
these Ti/SS joints in joining discs with engine blades at the aviation sectors and oil rig components and cryogenic
piping in the oil and gas industrial sector.

Conclusions

This research explored the interfacial microstructural evolution and mechanical behavior of stainless steel
304 and Grade 6 Ti alloy GTAW joints by applying a single Nb interlayer, composite Nb-Cu, and novel Ta-Cu
interlayers. The following conclusions have been drawn.

o A single factor plot analysis determined that the UTS of the welded region sharply increases by changing the
type of interlayer from Nb to Ta-Cu and gradually reduces from Ta-Cu to Nb-Cu. Whereas, MH of the welded
region sharply increases by changing the type of interlayer from Nb to Ta-Cu and decreases with varying the
interlayer type from Ta-Cu to Nb-Cu.

« Microstructure analysis revealed that prominent cracks have been observed in the FZ of the Nb/SS side in
the joint with a single Nb interlayer. Brittle phases such as TiFe and TiFe, are also observed through SEM and
EDS analysis, which reduced the joint strength. Whereas no such brittle phases have been observed in joints
welded through the composite Nb-Cu and Ta-Cu interlayers techniques.

o The microhardness of FZ of the joint with a single interlayer has increased to 380 HV, which caused brittleness
and reduced the tensile strength of 173 MPa. In the case of the application of composite Nb-Cu interlayer, the
low microhardness of 106 HV was attained in the FZ, as depicted by the formation of Cu,. However, soft and
ductile nature intermetallic compounds (Fe,Ta, and Ta,Cu) have been formed at the Ta-Cu interlayer-based
SS/Ti GTAW joint owing to the creation of Cu enriched solidified melted solution with contains Ta dendrites.

« The application of Ta-Cu interlayer at the welded region assists to achieve the UTS of 450 MPa. It has been
observed that replacing single Nb (173 MPa) and Nb-Cu (295 MPa) interlayers with the Ta-Cu composite in-
terlayer significantly improved the UTS of 61.55% and 34.44%, respectively. Moreover, the appropriate filling
of the molten pool into the molten core with the Ta-Cu interlayer avoids generating local stress; consequently,
it eliminates many cracks and holes generated at the welded region.

o Fractography analysis concluded that ductile fracture surface without defect has been attained at the Ta-Cu
interlayer due to the suitable melting of Cu and Ta at the welded region. However, brittle fracture surface
surfaces have been observed with single Nb interlayer and ductile fracture surface with small voids have been
achieved with Nb-Cu interlayer.

The research is limited to applying Nb, Ta-Cu, and Nb-Cu interlayers effects on the mechanical characteristics
and microstructural behavior of Ti/SS GTAW welded joints. Research work is beneficial for manufacturing
pressure vessels, heat exchangers, and other critical chemical, oil, and gas components. However, quantitative
defect analysis (porosity percentage, crack length density), detailed grain size or phase fraction measurements,
and interlayer thickness optimization need to explore more in depth, therefore recommended for future work.
Moreover, long-term performance under fatigue, creep, and corrosion should also be evaluated to confirm
industrial applicability.
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